Superabsorbent aerogels are fascinating materials for oil and chemical spillage cleanup. However, the development of an economic and efficient superabsorbent is still highly challenging. In this study, we introduce a novel approach to prepare very low density (0.005 g/cm 3 ), highly porous (N99.6%), economic, reusable, hydrophobic, and magnetic spherical cellulose nanofiber-derived aerogels (i.e., aerobeads) prepared from waste boxboards via a simple freeze-drying procedure. The spherical aerobeads were fabricated easily after dropping a hydrophobized nano-fibrillated cellulose solution containing magnetic Fe 3 O 4 nanoparticles into liquid nitrogen. The aerobeads showed outstanding absorption efficiency for several oils and organic solvents (up to 279 g/g with castor oil) and demonstrated excellent selectivity for absorbing oil from an oil/water mixture. Moreover, they were easily collected by an external magnet, indicating excellent recyclability and reusable for at least 10 cycles while still retaining supreme absorption capacity (up to 101 g/g for diesel oil). This study proposes an economic and novel method for the large-scale preparation of spherical superabsorbent aerobeads, making them a promising candidate for the efficient and sustainable cleaning of oil and chemical spills.
H I G H L I G H T S
• Magnetic and non-magnetic hydrophobized nanocellulose aerobeads were prepared by a novel freeze-drying method.
• Superabsorbent aerobeads had high absorption capacity for different oils and organic solvents. • Magnetic aerobeads were collected by a magnet after absorbing oils and organic solvents. • Aerobeads showed good selectively and reusability for marine diesel oil absorption from the oil/water mixture.
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Introduction
Oil and organic solvent spillages during processing, transportation, and distribution operations are major global environmental threats and cause irrecoverable impacts on ecological systems. For example, it has been appraised that annual spillages of petroleum compounds to the global marine environment is over 1,433,000 tons. Consequently, environmentally friendly, high-efficient, and low-cost methods to remove oils and chemical pollutants from the seas are essential for ecosystem balance [1] [2] [3] .
Absorption techniques can be used efficiently to capture and hold liquid pollutants in a semisolid or solid phase materials [4] . Conventional sorbent products or materials are typically divided into three different classifications: inorganic minerals, organic synthetic materials, and organic natural products [5] . Inorganic mineral sorbents (for example, zeolite, silica nanoparticles, activated carbon, and organoclays) are applied to sink floating oil, however, due to low oil sorption capacity, low buoyancy, and inferior oil/water selectivity, they are less preferred in water environments [6] . Synthetic polymeric oil sorbents, such as polyurethane foam, polypropylene fibers, nonporous polystyrene fibers, butyl rubber, and porous rubber gels have been commonly used as commercial sorbents due to their excellent hydrophobic characteristics and high oil sorption capacity. However, slow degradability and the generation of additional waste are their major drawbacks [7] . Natural organic sorbents are, in turn, materials produced directly from either plant or animal residues. Especially, natural organic fibrous sorbents have low density, moderate absorption capacity, and they are environmentally friendly, recoverable, biodegradable, cost-effective, and easily available compared to the various kinds of sorbents. Cotton, sugarcane bagasse, kapok fibre, wool, rice straw, wood residues, and different plant and animal materials are some of the traditional natural organic fibrous sorbents [8, 9] . In addition to their advantages, natural synthetic sorbents show typically low selectivity in oil sorption because of their inherent hydrophilicity which promotes high water uptake [10] . Natural organic sorbents also possess limited porosity, which decreases their absorption capacity.
Aerogels are described as a category of lightweight solid materials with highly porous structure formed by substituting the liquid in a gel via air [11] . They are considered ideal candidates for high efficiency sorbents due to their very high porosity (N99%) [12] , internal surface area (400 m 2 /g) [11] , and low density (b0.03 g/cm 3 ) [13] . Especially, hierarchical and nano-structured aerogels fabricated from bio-based nanomaterials such as elongated cellulose nanofibers (CNF) appear to be the most appealing organic sorbents because of their renewability, biodegradability, and tailorable surface chemistry [14, 15] . Recently, CNF aerogel sorbents have been studied in numerous researches [16] [17] [18] [19] ; however, there are still various challenges to the development of CNF-based aerogel sorbents.
In addition to bulky aerogel structures, individualized spherical bead-like aerogels with controllable particle sizes and tailorable pore structure can provide advanced physical and chemical properties and many benefits over conventional powders. They have been investigated in several end-use applications, such as supercapacitors [20] , superabsorbents [21] , and drug delivery templates [22] . Previously, spherical aerogels have been prepared from polysaccharides, inorganic, and hybrid materials using an emulsion process [23] , sol-gel formation [24] , suspension polymerization [25] , supercritical extraction [26] , and a wet-stable method [27] . However, the reports related to spherical aerogel-based nanomaterials such as nanocellulose are still scarce. One of the few reports to focus on energy storage devices formed from wet-stable CNF-based aerogel microspheres [27] was Erlandsson and colleagues, who used a ketene dimer superhydrophobic surface to prepare cellulose nanofibril microspheres at room temperature after treating by sodium metaperiodate. Moreover, there are only a few reported efforts on the use of bio-based bead-like aerogels as sorbents. Song et al. [28] prepared cross-linked microspheres containing β-cyclodextrin (β-CD) moieties by suspension polymerization via butyl acrylate and octadecyl acrylate co-monomers and showed the bead had a high kerosene oil absorbency capacity (27.1 g/g) and good reusability. Long et al. [29] studied the oil sorption in an aqueous medium by immobilizing flaxseed gum spheres, which had the absorption capacity of 0.5 g/g with soybean oil. All above, aerogel spheres have displayed many excellent properties affected by precursor concentration, agitation rate, phase ratios, surfactant concentration, and drying parameters.
In this study, an approach for the preparation of a novel type of magnetic superabsorbents based on hydrophobized nanocellulose aerobeads using a simple freeze-drying procedure is introduced. The functionalized, spherical superabsorbents were obtained from a cellulose nanofiber hydrogel made from recycled boxboards by incorporating magnetic Fe 3 O 4 nanoparticles and silylation agents with the hydrogel in mild, aqueous reaction conditions. The hydrogel was further dripped by drops into liquid nitrogen and freeze-dried to generate magnetized, ultralow density, hydrophobized aerobeads with high porosity and an interconnected void structure. The magnetic and non-magnetic nanocellulose aerobeads (MAB and AB, respectively) possessed very high potential to absorb oils (hydraulic oil, castor oil, motor oil, marine diesel oil, silicon oil, and linseed oil) and also organic solvents (n-hexane, toluene, tetrahydrofuran, methanol, dimethylformamide, and dimethyl sulfoxide) and had excellent oil/water selectivity. Moreover, after oil absorption, the MAB was easily collected by means of an external magnet and recovered with facile mechanical squeezing and reused for at least 10 cycles.
Material and methods

Materials
Waste boxboard was obtained through board-container collection. NH 4 OH (28%), FeCl 3 ·6H 2 O, FeSO 4 ·7H 2 O, methanol, and hexadecyltrimethoxysilane (N85%, HDTMS) were obtained from Sigma-Aldrich (Germany). Methyltrimethoxysilane (98%, MTMS) was obtained from Evonik Industries (Germany). Lightweight marine diesel oil was purchased from Neste (Finland). Motor oil (5w40) and hydraulic oil were prepared from a local gas station. Dimethyl sulfoxide (N99%, DMSO) was obtained from TCI (Tokyo Chemical Industry). Silicon oil, linseed oil, castor oil, n-hexane (N98%), dimethylformamide (N99.9%, DMF), and toluene (N99.9%) were obtained from VWR chemicals. Tetrahydrofuran (N99.5%, THF) was purchased from Merck (Germany).
Nanofibrillation of recycled cellulose boxboard
First, the waste boxboard pulp with consistency of 15 wt% was prepared by a Kenwood pulper (KM020, UK) in rotor speed of 2 for 10 min, and then washed and screened with a Somerville screen (Lorentzen & Wettre; Sweden). Nanofibrillation was carried out using a grinder (Masuko super masscolloider MKCA6-2J, Japan) after diluting the pulp to 1.5 wt% consistency [30] . In brief, grinder disks were adjusted in a close distance of each other carefully that was distinguished with the weak abrasion sound. The boxboard cellulose pulps were passed three times through the Masuko grinder with the zero disks gap. The gap of the disks was then brought to negative amounts of −20, −40, −50, −60, −80, and − 90 μm and the pulp were passed 17 times more through disks. Successful nanofibrillation of cellulose pulps (with the width of b50 nm) was approved by Transmission Electron Microscopy (TEM) analysis (Fig. S1 ). The anionic surface charge of NFC was calculated based on the consumption of cationic polyelectrolyte (using a BTG Mütek PCD-03, Germany). The test was repeated 3 times and the average anionic surface charge was 0.073 meq/g NFC.
Synthesis of magnetic Fe 3 O 4 nanoparticles
Fe 3 O 4 nanoparticles were synthesized according to the method of Xiong et al. [31] Briefly, 0.514 g of iron sulphate (FeSO 4 ·7H 2 O) and 1 g of iron chloride (FeCl 3 ·6H 2 O) was dissolved in 60 mL deionized water under N 2 gas flow for 1 h and 7.5 mL ammonia solution (28 w/w% in water) was then added drop by drop to this aqueous solution while mixing at 80°C for another 1 h. Magnetic iron nanoparticles were washed several times with deionized water and collected with the help of an external magnet and dried in an oven at 50°C.
Preparation of magnetic and non-magnetic nanocellulose aerobeads
Different consistency of aqueous CNF suspensions (0.25-1.00 wt%) were achieved after diluting the primary CNF suspension with defined amounts of deionized water and subsequently homogenizing in 8000 rpm/s with an Ultra-Turrax system. For the magnetic aerobeads, Fe 3 O 4 nanoparticles were dispersed in 58 v/v% ethanol (aqueous solution) and were added to the CNF suspension (CNF: Fe 3 O 4 nanoparticle ratio 9:1 wt%), then ultrasonicated for 20 min and then mixed using a stirrer for 30 min. pH for all CNF suspensions were decreased to 4 with hydrochloric acid (HCl, 0.5 M) and 20 wt% silane solutions (in ethanol) were then added to these mixtures by a micropipette and mixed with a magnetic stirrer for 4 h. Silane solutions of MTMS and HDTMS were obtained after diluting them with ethanol 99 v/v-% and mixing with the help of stirrer for 10 min (MTMS: HDTMS mole ratio of 2:1; 50 wt% against CNF amount). The magnetic (containing Fe 3 O 4 ) and non-magnetic nanocellulose aerobeads were formed by dropping the ready-made solution through a 5 mL syringe with a needle with a 0.5 mm tip diameter into a beaker filled with liquid nitrogen. The frozen beads were then freeze-dried in a vacuum chamber in a freeze-drying instrument (Scanvac Coolsafe; 55-15 Pro, Denmark) at −54°C for three days to generate magnetic and non-magnetic nanocellulose aerobeads (named MABs and ABs, respectively). Moreover, aerogels with bigger size were prepared for the oil/water selectivity and water contact angle analysis.
Density and porosity measurement
The density (mass per unit volume) of the magnetic and nonmagnetic aerobeads, ρ, was determined by Eq. (1).
where V and m is the volume (cm 3 ) and mass (g) of the aerobeads, in order. The volume of aerobeads was obtained based on an estimated diameter of the beads with the help of a microscope. The porosity (P, %) was determined using Eq. (2).
where m (g) is the mass of aerobeads, V (cm 3 ) is the volume of the aerobeads, and ρ c is the density for bulk cellulose (ρ c = 1.528 g/cm 3 ).
X-ray photoelectron spectroscopy (XPS)
XPS test of MAB and AB aerobeads was studied by a Thermo Fisher Scientific ESCALAB 250 Xi (UK). These aerogels were analyzed by a monochromatic Al Kα X-ray source (at 300 W) using ion bombardment and electron flood gun association, for charge compensation. The takeoff angle was 45°for aerogel surface. Low and high-resolution survey scans were achieved by a 1 eV step and a 150 eV analyzer pass energy and a 0.1 eV step and a 20 eV analyzer pass energy, respectively. The aerobead samples were dried completely, pressed on the indium film, and then analyzed under vacuum pressure (5 × 10 −9 mbar).
Contact angle measurements
The aerogels wettability properties were investigated by a Krüss DSA100 (Germany) instrument which fitted with a high-frame-rate camera (360 fps). The water droplet with a volume of 2 μL was dropped on the surface of silane treated and untreated aerogels and the static contact angle determined at 120 s by the height-width method. The water contact angle was measured at least three times for each aerogel sample and the average amount reported in Table 2 .
Field emissions scanning electron microscopy (FESEM)
First, a thin layer of samples was cut and put on the surface of the FESEM sample holder and then coated with nanometer layer of platinum. The coated aerobeads were then imaged with an Ultra Plus instrument (Zeiss; Germany) on 5 KV voltage.
Transmission electron microscope (TEM)
The morphology of the magnetic aerobeads (MABs) was studied using a TEM (JEOL JEM-2200FS, Japan) instrument before freezedrying. A droplet of liquid samples (0.05 w/w%, water diluted) was put on the surface of a petri dish. A copper-coated grid was touched with the middle part of the droplet, then dried completely at 25°C, and then imaged at 200 kV. The Fiji program was used to estimate the magnetic nanoparticles and CNF dimension. Moreover, the chemical composition of magnetic aerobeads was investigated by energydispersive X-ray spectroscopy (TEM-EDS).
Absorption capacity of aerobeads for oils and organic solvents
The absorption potential of the MAB and AB was determined based on the method reported in our previous work [12] . Briefly, a measured weight of aerobead was immersed in different oils (castor oil, silicon oil, hydraulic oil, marine diesel oil, linseed oil, and motor oil) and solvents (tetrahydrofuran, methanol, toluene, dimethylformamide, nhexane, and dimethyl sulfoxide) at room temperature for 10 s to achieve the maximum absorption and then eliminated and weighed. The oil absorption capacity (g/g), K, was described based on Eq. (3).
where W ∘ and W is the weight of the aerobeads before and after oil absorption, respectively.
Water uptake of aerobeads
A measured amount of MAB and AB superabsorbent was immersed in 50 mL of deionized water at room temperature for 60 s to attain the maximum absorption and then eliminated and weighed. The water uptake capacity (g/g) was calculated similar to Eq. (3).
Aerogels selectivity in oil/water mixture
The selectivity of oil absorption was determined with EPA 1664 method which is accepted by the United States Environmental Protection Agency (US EPA). First diesel oil (13 g) in water (230 g) emulsion was prepared by mixing vigorously. Then the defined amount of fresh sorbent (0.02-0.09 g) was added on the surface of the emulsion. Oil and water absorbed aerogels were removed after 15 min and were let to drip for 20 s before weighing. Diesel oil was separated from the remaining emulsion by extracting 3 times at the pH 2 using a n-hexane in order to determine oil and water absorption capacities. Combined extracts were then distilled in n-hexane (58.97 g) at 95°C and weighted to calculate selectivity of absorption of oil/water.
Reusability of aerobeads
The reusability of the aerobeads was tested in marine diesel oil. Oil absorbed MABs were collected with a magnet (oil absorbed ABs were collected manually), then a simple squeezing was applied to draw out and recover the remaining oil in the sorbents. The squeezed aerobeads were reused to absorb marine diesel oil again without any posttreatment for 10 cycles.
Results and discussion
3.1. Strategy for preparation of spherical nanocellulose aerobeads Fig. 1 shows the fabrication route based on freeze-drying to produce magnetic superabsorbing spherical nanocellulose aerobeads from recycled cellulose raw material. The mechanical nanofibrillating of boxboard pulps using high-speed shearing of the cellulose fibers resulted in 1.5% CNF aqueous suspension. The pre-synthesized Fe 3 O 4 nanoparticles were easily dispersed in CNF suspension using ultrasonication, and two silylation agents, HDTMS and MTMS, were further added and reacted with CNF before dropping the suspensions in liquid nitrogen to create cross-linked, hydrophobized, and magnetized CNF aerobeads. To maximize the condensation reaction of the hydrolyzed HDTMS and MTMS on the CNF surface, the pH of the reaction medium was decreased to 4 [32] . It was found that the aerobeads did not form a strong, water-resistant structure without using MTMS as a cross-linking agent. Moreover, a long carbon chain silane compound, HDTMS, was noted to further provide hydrophobicity in aerobeads. The selected silane chemicals were green, economic (around 1500 €/t), and easily accessible compared to many other cross-linking agents. In addition, water was used as a solvent instead of any organic solvents [27, 33, 34] .
Characterization of aerobeads
The surface morphologies of the magnetic and non-magnetic aerobeads with and without hydrophobic silylation, were analyzed by SEM ( Figs. 2a-d) . The aerobeads consisting of recycled boxboard CNF exhibited an interconnected, three-dimensional (3D), and highly porous networked structure with roughly uniform pore sizes of 5 μm both with AB and MAB aerobeads. Hydrophobic modification and cross-linking with the help of MTMS and HDTMS resulted in the formation of a continuous, sheet-like coating due to the development of the silylated layer on the cellulose surfaces ( Figs. 2 c and d) . The formation and location of the Fe 3 O 4 nanoparticles and hydrophobic silane coating on the surface of the CNF network were approved with TEM investigation ( Fig. 2e ). The Fe 3 O 4 possessed a uniform elliptical shape and size of 10 nm and was distributed semi-homogeneously within the aerobead surfaces. The CNF was surrounded with a continuous and homogeneous layer of MTMS and HDTMS, which has a thickness of 10 nm-20 nm.
The physical properties (solids content of original CNF suspension, density, and porosity) of the prepared CNF aerobeads are illustrated in Table 1 . All absorbents had very low density (0.005-0.028 g/cm 3 ) and high porosity (98.1-99.7%). These porosity values are higher than previously reported for PVA (polyvinyl alcohol)/CNF aerogel superabsorbents (≤99.2%) [35] . As expected, an increase of the solids content of the initial CNF solution from 0.25% to 1.00% resulted in increased density and decreased porosity of the aerobeads. The incorporation of Fe 3 O 4 nanoparticles in the aerobeads had only a minor impact on the porosity and density of the beads, presumably because of their low content.
The elemental percents (atomic %) of Fe, Si, C, and O in the aerobeads structure were analyzed by XPS and are presented in Table 2 . The atomic percent of silicon in the selected non-magnetized and magnetized aerobeads (AB 0.70% and MAB 0.70%) without silylation were 0.21 at.% and 0.12 at.% (originating most probably from mineral residues of boxboard), while an intense peak of silicon was appeared after silylation treatment, and the silicon concentration on the surface of the beads (Fig. S2 ) were 8.79 at.% and 10.96 at.%, respectively. In addition, Fe atomic peak was noted in magnetic samples (MAB). The successful modification of aerogels was also confirmed and measured using TEM-EDS ( Fig. S3 Supporting Information) . By the water contact angle (WCA) analysis, the effect of silylation modification on the surface wetting performance of the CNF beads was evaluated. The selected non-silylated samples (AB 0.70% and MAB 0.70%) were hydrophilic and absorbed water droplets quickly (WCA could not be determined), however, the treated aerogels were highly hydrophobic (WCA N 147°, Table 2 ) and the water drops remained on the surface of the modified beads. The hydrophobicity of aerobeads is also demonstrated in the Supporting Information (see Video S1 and S2). The silylated and magnetized aerobeads were found to be stable and floated on the surface of water for 24 h (Fig. 3) , while untreated aerobeads were wetted and sank to the bottom of the water containing beaker.
Absorption properties
One of the most important properties of absorbent material is its absorption capacity, which is generally attributed to the surface area, bulk density, pore size, and surface chemistry of the absorbent [36, 37] . Clearly, the decrease of CNF concentration in the aerogel sphere formulation (from 1.00% to 0.25%) notably enhanced their absorption capacity for marine diesel oil (Fig. S4a) . This phenomenon was related to decrease of density and increase of porosity of aerobeads as a function CNF concentration. The MAB 0.25% and AB 0.25%, which had the lowest density among the aerobeads (Table 1) , showed similar and very high capacities of approximately 160 g/g. The absorption capacity of aerobeads for marine diesel oil was several times that of polymeric sponges (K b 40), 35 times that of cotton, and higher than the recent CNT (carbon nanotube)-based adsorbents (K = 143) [38] . Overall, the incorporation of magnetic nanoparticles in the bead structure was not found to significantly affect absorption capacity. The water uptake of different spherical aerogels (CNF consistency from 0.25% to 1.00%) was also investigated, and the results are presented in Fig. S4b . When compared to diesel oil absorption capacity, the water uptake values of absorbents were very low (b4.4 g/g, i.e., 2.5% of maximum diesel oil absorption capacity), indicating good selectivity of absorption toward hydrophobic compounds. Good absorption selectivity enables the sorbents to maintain their performance in aqueous conditions, and the sorbents are not sinking because of density increase. Oil selectivity of aerogels was proved in a mixture of diesel oil and water. Aerogels showed high oil absorption (78-98% selectivity) in the oil/water mixture ( Fig. 4 ) and the selective absorption in magnetic samples was less than non-magnetized ones due to magnetic nanoparticles hydrophilicity effects on the aerogel's surface.
In addition to diesel oil absorption, the removal of different types of oils and organic solvents, such as hydrocarbons, aromatic compounds, and commercial petroleum products were also investigated with AB and MAB 0.25% and 0.75% (Fig. 5) . The aerobeads were put in contact with contaminants, and they quickly (in 10 s) achieved the maximum absorption capacity without any visible fragmentation or breakage in the structure. Both the non-magnetized and magnetized beads exhibited extra-high absorption capacity, ranging from 28.2 to 279.8 g/g for various oils and solvents, depending primarily on the density of the contaminant. These values are notably higher than previously reported for Al 2 O 3 microsphere (6.5-29.8 g/g) [39] , hollow carbon spheres/ graphene hybrid aerogels (58-108 g/g) [40] , and PVA/CNF microsphere (54-140 g/g) absorbent materials [41] . For example, MAB (0.70%) had a capacity of 42.9 g/g for silicone oil, 54.1 g/g for marine diesel oil, 55.7 g/g for DMSO, and 91.5 g/g for toluene. This was further improved when the CNF content of the beads decreased from 237.0 g/g, 159.0 g/g, 203.8 g/g, and 143.0 g/g for MAB 0.25%, respectively. The very high absorption capacity of spherical CNF aerobeads can be ascribed to various factors, such as an extremely porous structure, uniform super-oleophilic and hydrophobic silane coating, and interconnected pores. As shown in microscopy images (Fig. 6 ), the aerobeads were fully saturated with absorbed oil (motor oil) and the swelling of the aerogel spheres further promoted the absorption. For example, we demonstrated with motor oil that the volume of an individual bead increased from 3.86 to 11.63 mm 3 (i.e., 200% increase in volume). It is likely that the superhydrophobic surface of silylated beads promoted quick penetration of oils and hydrophobic solvents in interconnected pores of the absorbent by the capillary forces.
Magnetic properties can provide several advantages for the absorbents. For example, they can easily be removed from the polluted area, and possible fragments of absorbent can also be collected even with magnets with low fields [42] . Here, it was found that after immersing the MAB in the mixture of oil/water, the sorbent quickly absorbed oils (30 s) and could then efficiently be collected and separated from the solution by an external magnet ( Fig. 7 ; also see Video S3 in the Supporting Information).
The absorbed oil could be separated and the aerobeads recovered by straightforward mechanical squeezing. Fig. 8 demonstrates the oil absorption capacity of aerobeads after 10 compressing-absorption cycles. The oil absorption capacities of AB (0.25 and 0.70%) and MAB (0.25% and 0.70%) were found to decrease to 49.7%, 76.5%, 52.1%, and 66.2%, respectively, after 10 cycles. Because of very high initial absorption capacity, the aerobeads maintained a capacity ranging from 49.7 to 76.5 g/g after 10 squeezing-absorption cycles, higher than that of many fresh commercial absorbents [12] . This result indicated that the interconnected porous structure of the absorbent was chiefly maintained in the repetitive absorption and mechanical compressing cycles.
Moreover, we assessed the absorption capacity of the spherical aerogels toward liquid pollutants with various densities (Fig. 9 ). Results showed aerogels to have a very high capacity to absorb the various types of organic liquid pollutants. In most cases, the aerogel absorption potential is directly associated with the density of organic liquids. Based on mass per unit volume (density) of the selected oils, aerobeads showed different oil-absorbing capacity with the highest absorption capacity for castor oil (ρ castor oil is 0.96 g/cm 3 ). 
Comparison of various absorbents for selective oil/water separation
Previously reported nanocellulose-based aerogel sorbents [43] showed high absorption capacities (55.7-162.4 g/g), which were roughly similar to those with hybrid sorbents of cellulose/graphene [44] , which were prepared by bidirectional freeze-drying (80-197 g/g) and those based on disposable cotton balls [45] coated by Fe 3 O 4 particles and modified with long-chain silanes (61-113 g/g). In another report by Wu et al. [46] , high capacity, flexible, and fire-resistant bacterial cellulose aerogel was prepared and absorbed up to 300 g/g of phenoxin. In addition to these high capacity bulk aerogel absorbents, there are few previous reports for spherical CNF aerogels with controllable particle sizes, tailorable pore structure, and alterable physical and chemical properties. In comparison, as shown in Table 3 , the absorption capacity of spherical absorbents based on synthetic polymers [47, 48] and inorganic materials [21] was, in turn, slightly lower than those of organic spherical sorbents [40, 43, 44, 46] . In this study, the diesel oil absorption potential of the MAB and AB was ultrahigh and comparable to that of the best absorbents reported thus far (39.3-158.8 g/g), and according to our best knowledge, castor oil had up to 279 g/g, the highest capacity reported in literature.
A tentative price estimation of the absorbents showed that the novel spherical absorbents had a remarkably lower price than most of the previously reported ones. The price of these raw waste materials used for the production of cellulose nanofibers is between 80 and 100 €/ton, while cellulose price (bleached birch wood) is approximately 600 to 800 €/ton, which means in practice that the raw material costs of recycled boxboard are 10%-17% of fresh pulp. The use of a mechanical Fig. 7 . Selective removal of marine diesel oil from water surface with MAB: a) marine diesel oil layer on water, b) absorption of diesel oil by magnetized aerobeads, and c) removal of oilfilled aerobeads by magnet. Fig. 8 . Absorption reusability of the CNF aerobeads with marine diesel oil after absorption -squeezing cycles. nanofibrillation process and widely available silylation chemicals (around 1500 €/t) is also cost-efficient. Considering the energy use of the freeze-drying method (0.66-3.06 kWh per kg) [49] , the evaluated production costs for magnetized and hydrophobized nanocellulose aerobeads range from 3.5 to 4.5 €/kg, which is low compared to many other superabsorbents.
Moreover, compared with other reuse or recycling methods for absorbents, such as burning [46] , vacuum filtration [50] , distillation or heating [51] , and rinsing (solvent extraction) [28] , the simple mechanical squeezing [43] was used in this work as the most facile recycling method. Other mentioned methods are typically time-consuming, complicated, and have a high energy demand that may also produce pollutants. Therefore, the presented novel type of magnetic nanocellulosebased aerobeads proved to be extremely lightweight, sustainable, cost-effective, and reusable superabsorbents for the removal of oil and organic pollutants.
Conclusion
Magnetic spherical superabsorbents derived from hydrophobized cellulose nanofibers were prepared without a complex synthesis method or post-treatment process after nanofibrillation, silylation, dropping into liquid nitrogen, and subsequently, a freeze-drying procedure. The aerobead superabsorbents exhibited extremely high oil and organic absorption capacity with good oil/water selectivity. Furthermore, they were collected quickly with the help of an external magnet. The oil absorbed aerobeads were then recovered with simple mechanical squeezing and reused successfully for at least 10 cycles. Economic raw materials, applying waste resources, simple, and green manufacturing procedures make them appealing absorbents for oil and chemical spills clean up.
Supplementary data to this article can be found online at https://doi. org/10.1016/j.matdes.2019.108115. 
